Abstract-In this letter, we investigate the benefits of using time-gating detection in an optical code-division multiple access (OCDMA) system that comprises bipolar 64-chip long superstructure fiber Bragg grating encoders and decoders. Transmission of the codes is demonstrated, and it is shown that correlation combined with time-gating detection can provide some resilience to the distorting effects of dispersion, as well as the multiple access interference.
I. INTRODUCTION

I
T IS ONLY recently that optical code-division multiple access (OCDMA) has started to attract significant research interest. This is mainly because its implementation requires a higher degree of sophistication than the more obvious alternative multiplexing transmission schemes [e.g., wavelength-division multiplexing (WDM) and time-division multiplexing (TDM)], and involves complex functions, such as encoding and decoding, which are difficult to implement optically. For a long time, the most common solution to the problem of pulse encoding/decoding involved a combination of fiber splitters, optical delay lines, and combiners [1] , which eventually proved impractical for high bit-rate system applications.
Recently, however, a number of proposals have appeared that attempt to solve the problem in a more practical and reliable manner (see e.g., [2] , [3] ). Of these, the use of superstructured fiber Bragg gratings (SSFBGs) looks particularly encouraging, and has already been shown capable of processing long (64 chips) high chip-rate (160 Gchip/s) phase-encoded binary sequences [2] . Using this technique, bipolar coding information is imprinted in the spatial features of a SSFBG, such that the energy of a short pulse reflected off such a structure is spread in time, according to the shape of the code. Decoding can be achieved by matched filtering, using an SSFBG which has the temporally inverse impulse response to the encoder. The signal reflected off the decoder SSFBG represents the correlation waveform of the incoming code with the code imprinted in the decoder SSFBG, and has a duration which is double that of the code. Appropriate code selection results in an autocorrelation (decode) signal characterized by a short distinct spike at the center of the decode pulse form, accompanied by a low-level pedestal extending out either side.
As with all-optical transmission schemes, one of the key issues that arises is the tolerance of the transmitted signal to chromatic dispersion. This is even more so in OCDMA systems, in which the chip rate is generally much larger than the effective data rate. However, recent research on a 200-Gchip/s eight-chip bipolar encoded OCDMA system using programmable planar lightwave circuit encoders [3] , [4] has shown both experimentally and theoretically, that matched filtering helps restore the most significant features of the autocorrelation signal, even in the case that the transmitted encoded signal has undergone quite significant distortion due to the line dispersion. A pulse sampling technique, such as time gating [3] centered on the autocorrelation central spike, can then be used to improve the pattern recognition contrast for the distorted waveform, making the transmission more robust with respect to the effects of dispersion than would at first sight be expected. Time gating is an all-optical nonlinear process, which essentially operates as a time-domain demultiplexer. It uses a second short pulse source (pump), synchronized to the decoded signal, and a semiconductor saturable absorber as the switching medium, so that all but that portion of the signal that is input to the optical gate at the same instant as a pump pulse is absorbed [5] . Thus, time gating also suppresses any sidelobes associated with the extended autocorrelation signature of the code, and reduces the effect of any interfering channels outside the time frame of the main autocorrelation peak.
In this letter, we investigate the combined benefits of using SSFBGs for encoding/decoding, and time-gating detection in an OCDMA system. We focus on the transmission of 64-chip codes, and show that error-free operation at 1.25 Gb/s with a chip rate of 160 Gchip/s can be achieved after transmission over 50 km of nonzero dispersion-shifted fiber (NZ-DSF). We also include a discussion on the performance of the system under two-user operation. 
II. TRANSMISSION OF OCDMA SIGNALS
The experimental setup we employed to carry out the OCDMA system demonstration is shown in Fig. 1 . Both the signal source and the pump for the time-gating device consisted of two 10-GHz short-pulse 2 ps), mode-locked laser diodes, which were externally down-gated to a repetition rate of 1.25 GHz. The wavelengths of the signal and the pump were 1556.5 and 1549 nm, respectively. A pattern generator was used to apply pseudorandom data to the signal. The encoder and decoder were 64-chip 160-Gchip/s bipolar coded SSFBGs of the same type as those used in [2] . The duration of the encoded sequence was 410 ps, whereas the correlation signal after decoding had a duration of 820 ps. The insertion loss of each of the SSFBGs was 10 dB. Several high-power erbium-doped fiber amplifiers were included at various points in the system to restore the signal power. The optical delay line used in the signal path was tuned to ensure that the central part of the signal waveform coincided with the pump pulse in the time-gating device. A 3-nm filter positioned after the device filtered out the pump signal.
We first tested the system without time gating or transmission. An eye diagram of the decoded signal is shown in Fig. 2(a) . As expected, a distinct peak is formed at the middle of the autocorrelation signal, accompanied by relatively low power components that extend by 410 ps either side of the main peak. Fig. 2(b) shows an eye diagram of the same signal after time-gating detection was employed. The figure shows that the contribution of the correlation components away from the main peak has been greatly reduced. The benefit of using time gating is better appreciated when a bit-error-rate (BER) curve is examined (Fig. 3) . The penalty for error-free operation of the system is reduced by 4 dB when using time-gating detection, relative to simple matched filtering. Note that the decision level for each of the BER curves shown in Fig. 3 was set to provide error-free operation at the 1E-9 level at the lowest possible received optical power in each instance. The decision level was then fixed at this value whilst obtaining the BER at other values of received power. We believe the residual power penalty of 6 dB for the simple matched filtering case relative to the back-to-back measurement, to be associated with nonideally matched coding:decoding gratings and the use of relatively noisy power amplifiers within the system. A residual power penalty of 1.5 dB was ob- tained in earlier experiments with lower noise amplifiers and more ideal gratings.
The system was then tested using the 50-km NZ-DSF transmission line. The dispersion of the fiber at the operating wavelength was 250 ps/nm. Calculations show that this amount of dispersion is capable of spreading each 6.4-ps chip by more than 150 ps. This causes the encoded waveform to appear severely distorted at the end of the transmission line. A comparison of the encoded signature before and after transmission, as calculated numerically, is presented in Fig. 4(a) and (b) . However, although the 160-Gb/s encoded waveform undergoes severe distortion due to dispersion, a distinct autocorrelation spike is still detectable after matched filtering [see Fig. 4(c) ]. Time-gating detection suppresses the wings of the autocorrelation peak even further. An eye diagram of the received signal without the use of time gating is shown in Fig. 2(c) . Although the extinction of the signal has degraded after transmission, a readily discernable eye is still detectable. However, after the use of time gating a far cleaner eye results centered on the main autocorrelation peak [see Fig. 2(d) ]. On the BER diagram [see Fig. 3 ], the power penalty associated with transmission when time-gating detection is employed, is just 1.2 dB relative to the case of no transmission.
III. MULTICHANNEL INTERFERENCE: TWO-CHANNEL OPERATION
As mentioned previously, time-gated detection can also be useful in the multiple-channel regime, provided that synchronization between transmitter and receiver can be achieved. In order to demonstrate this point, we added to the system a second source with an (interferer) SSFBG encoder [see Fig. 1 ]. The two channels were synchronized to each other and were transmitting at the same wavelength. An optical delay line was connected in the path of the interfering channel to ensure that after coupling the two channels together, the codes of the signal and the interfering channel were completely overlapped in time. Care was also taken to ensure that the power contribution from the two channels was the same.
An eye diagram of the decoded signal in the presence of interference, but without time-gating detection, is shown in Fig. 5(a) . The main autocorrelation peak can still be readily discriminated. However, the presence of a high level of coherent interference noise is readily observable. The eye diagram obtained using time-gated detection is shown in Fig. 5(b) . The pedestal has been suppressed in this signal, and only the clean eye with a single peak remains. Further confirmation of the benefit of using time gating in the noise performance of the system follows from the BER curves shown in Fig. 3 that refer to two-channel operation.
In conclusion, we have investigated the benefits of using timegating detection in an OCDMA system that uses 64-chip codes generated using SSFBGs. The time grating technique provides increased resilience to dispersive effects, and is likely to increase the number of potential usable codes for a given code length, since an interfering channel with a high cross-correlation component at an instant outside the center of the correlation waveform (the sampling instant) will have minimal contribution to the detected signal provided that the cross correlation at the sampling instance is low.
